ABSTRACT: A coupled model of lower trophic levels and anchovy Engraulis encrasicolus ponticus population dynamics was developed to analyze the mechanisms controlling sharp anchovy and gelatinous zooplankton biomass transitions from the 1960s to the 1980s in the Black Sea. An increase in anchovy stocks from estimated low (~300 kt) to moderate (~700 kt) in the late 1960s was related to weakening piscivore predation pressure, slight nutrient enrichment of the basin during an early eutrophication phase, and competitive exclusion of gelatinous carnivores. The transition to high stocks (~1500 kt) from 1979 to 1980 was caused by additional nutrient enrichment. With enhanced enrichment, gelatinous carnivores started to coexist with anchovy at low biomass levels (<1.0 gC m -2 ), but they did not yet exert a strong control on anchovy because of their competitive disadvantage of consuming prey at low carrying capacity. The third transition (1989)(1990) returned the anchovy stock to the low regime and increased the biomass of the alien gelatinous species Mnemiopsis leidyi (hereafter Mnemiopsis) to 3.0 gC m -2 . The anchovy-Mnemiopsis shift was pre-conditioned by nutrient accumulation in the subsurface layer and triggered by their more effective transport into the productive surface layer following the switch of regional climate into a severe winter phase during 1985-1987. The resulting enhanced resource carrying capacity, together with decreasing adult anchovy stocks, led to a competitive advantage of Mnemiopsis in food exploitation relative to anchovy, growth and reproductive advantages relative to the native gelatinous species Aurelia aurita, and stronger predation on anchovy eggs and larvae. The anchovy stock depletion was caused by increasing fishing pressure and by competition with and predation by Mnemiopsis. While nonlinear coupling of these 2 independent processes amplified the anchovy collapse, neither would be able to individually impose such a severe anchovy stock change under the observed environmental conditions of the Black Sea.
INTRODUCTION
The Black Sea ecosystem has been subject to major structural transformations since the late 1960s (Zaitsev 1992 , Vinogradov et al. 1996 , Zaitsev & Mamaev 1997 , Kideys 2002 , Sorokin 2002 , Daskalov 2003 , Bilio & Niermann 2004 , Oguz & Gilbert 2007 . In particular, pelagic fish stocks experienced marked decadal-scale fluctuations. Following over-exploitation of large pelagics, dolphins, and demersals towards the end of the 1960s, anchovy Engraulis encrasicolus ponticus (herafter anchovy) became the most abundant and commercially important target species, followed by sprat Sprat sprattus, the second in abundance (Daskalov 2003) . Anchovy then began acting as the primary top predator and altered the previous trophic cascade in the lower trophic food web. As estimated from empirical catch data reported by Prodanov et al. (1997) and Ivanov & Panayotova (2001) , the period from the mid1960s to the end of the 1970s was characterized by an almost 4-fold increase in the anchovy stock (Fig. 1) . Using the ECOPATH with ECOSIM (EwE) dynamic mass balance model, Daskalov (2002) confirmed a strong inverse relationship between changes in anchovy and apex predator stock sizes. Oguz (2007) further pointed to the nonlinear character of this transition. The high anchovy stock regime persisted for a decade and finally ended with the abrupt collapse in [1989] [1990] (Fig. 1) .
The period of marked anchovy stock changes also coincided with eutrophication of the Black Sea by an increasing rate of both organic and inorganic nutrient supply from the river Danube (Zaitsev & Mamaev 1997) . Summer phytoplankton biomass changed by an order of magnitude from ~2.0 g m -2 in the 1960s to ~20 g m -2 toward the end of the 1980s (Mikaelyan 1997 ; see also Fig. 3a in Oguz & Gilbert 2007) . Higher particulate export flux from the euphotic zone resulted in an increase of peak nitrate concentration in the chemocline layer (at depths around 75 m) from ca. 2-3 μM to 6-9 μM in 2 decades (Fig. 2) . Gelatinous zooplankton biomass increased from negligibly low values in the 1960s to ca. 1.0 gC m -2 toward the end of the 1970s and ca. 3.0 gC m -2 at the end of the 1980s (Fig. 2 ). Prey zooplankton biomass had a variable response under concurrent bottom-up control of increased resource supply and top-down control of changing predation pressures (see Fig. 3b in Oguz & Gilbert 2007) .
Modeling studies that substantiated the relative roles of ever-increasing eutrophication, heavy fishing, large reduction in top predator populations, and climate-induced variations, are limited. Using different configurations of the EwE model, Daskalov (2002) and Gücü (2002) showed how increasing fishing pressure and eutrophication indeed changed the Black Sea ecosystem. Berdnikov et al. (1999) embedded age-structured anchovy population dynamics into a complex food web structure and pointed to the critical importance of food competition with Mnemiopsis leidyi (hereafter refered to as Mnemiopsis) for the anchovy collapse. However, none of these models assessed the relative impacts of these mechanisms. For example, the controversy over whether the anchovy collapse took place first due to overfishing, and the Mnemiopsis population outbreak followed the collapse or vice versa remains unresolved (Bilio & Niermann 2004 ). Other food web modeling studies (e.g. Lebedeva & Shushkina 1994 , Oguz et al. 2001 , Lancelot et al. 2002 , Grégoire & Lacroix 2003 , Grégoire et al. 2004 , Oguz & Merico 2006 , and the literature cited therein) did not include any higher trophic level dynamics and focused only on the impact of eutrophication and top-down gelatinous control on plankton structure and nutrient cycling. Prodanov et al. (1997) , using the VPA method after 1966 and (j) Oguz (2007) before 1966 using a model. (+) Winter-mean sea surface temperature (SST). TR1, TR2, and TR3 denote transitions from low to moderate, moderate to high, and high to low regimes of anchovy stock, respectively. Numbers on the x-axis represent the last 2 digits of the year Fig. 2 . Time series of total gelatinous biomass, dominated by Aurelia aurita (solid gray bars; annual-mean values) prior to 1989, and by Mnemiopsis leidyi from 1990 to 1996 (during spring: black bars; August -September: dotted bars). s: peak nitrate concentration in the chemocline between the euphotic and the denitrification layers. Numbers on the x-axis represent the last 2 digits of the year. Gelatinous carnivore biomass data are based on measurements in the northeastern sector of the Black Sea . Nitrate data are taken from our institutional website at http://sfp1.ims.metu.edu.tr/ and represent the annual-mean of all available measurements excluding the northwestern shelf
The present study brings together a lower trophic level (LTL) food web model with an anchovy population and bioenergetics-based weight growth model. From a fishery perspective, the coupled model offers a potential tool to examine reproduction, early life history, and recruitment dynamics of anchovy in response to changing environmental conditions and their internal feedbacks (e.g. Wang et al. 1997 , Rose et al. 1999 , Mullon et al. 2003 . From an ecological perspective, explicitly modeled trophic interactions allow for the quantification and understanding of food web dynamics under differing bottom-up, top-down, and waspwaist controls during the re-organization phase of the Black Sea ecosystem (Oguz & Gilbert 2007) .
The present work puts less emphasis on a comprehensive description of anchovy life history characteristics (fishery perspective), and is mainly devoted to elucidating the mechanisms governing marked biomass changes of the anchovy-gelatinous prey-predator and competitor system from the late 1960s to the end of the 1980s (ecological perspective). The intraguild structure considered here comprises nutrients, plants, and detritus as the basal group; herbivorous microzooplankton and omnivorous mesozooplankton as the 2 resource groups; anchovy as the carnivorous consumer group; and gelatinous zooplankton as the carnivorous predator group preying both on anchovy eggs and larvae and the resource groups (Fig. 3) . This structure is a more complex version of the classical 3-component intraguild system that was studied for its stability properties (Holt & Polis 1997 , Hart 2002 , Revilla 2002 and response characteristics to changing resource carrying capacity (Diehl & Feibel 2000 , Mylius et al. 2001 , Kuijper et al. 2003 , van de Wolfshaar et al. 2006 . Gelatinous predation on anchovy eggs and larvae may be interpreted as the wasp-waist control (Bakun 2006) .
The subsequent sections first describe the model formulation and corroboration of the model results with available data. A suite of model simulations is then presented to seek quantitative support for the hypothesis that the 3 marked changes in anchovy stocks (TR1, TR2, and TR3 in Fig. 1 ) and the abrupt Mnemiopsis biomass increase accompanying TR3 (Fig. 2 ) characterize nonlinear responses of the food web to multiple exogenous forcings and their densitydependent biological feedbacks among the components of the intraguild system. Finally, we interpret our findings within the context of general theory of intraguild interactions and the observed Black Sea ecosystem changes.
METHODS
The model simultaneously solves a set of 1-dimensional equations for a coastal environment (the southeastern Black Sea) where anchovy and gelatinous carnivores reproduce, grow, and forage favorably and where the majority of the anchovy fishery is located (Mutlu et al. 1994 , Kideys et al. 1999 . The assumption of horizontal uniformity that is implict in a 1-dimensional model is probably unrealistic given the complex mesoscale variability of the system and dependence of anchovy and gelatinous carnivore life history characteristics on physical conditions (Panov & Chashchin 1990 , Mutlu et al. 1994 , Kideys et al. 1999 . However, it is an essential first step to explore and understand the model dynamics before introducing additional spatial complexity to the problem.
Vertical model structure. The vertical model structure extends from the surface to the upper part of the chemocline. It comprises the biologically active euphotic layer and the subsequent nitrate source layer, which is biologically inactive for the purpose of this model and only supplies nitrate flux into the euphotic layer through vertical diffusive and convective exchanges. The euphotic zone is further divided into 2 layers, the surface mixed layer (h 1 ) and the subthermocline layer (h 2 ). This 2-layer structure is a simple but adequate configuration to incorporate the effect of thermal stratification: the shallow mixed layer with the permanent cold layer beneath in summer and . Main elements and interactions in the omnivorous system formed by the basal group (plants and detritus: PD), the resource group (herbivorous microzooplankton: μZ, and omnivorous mesozooplankton: mZ), the carnivore consumer group (anchovy eggs and larvae: elA, and adult anchovy: aA), the carnivore predator group (gelatinous zooplankton: gZ), and top predator group (pelagic piscivores: TP). Arrows are directed from predators to prey. Thick arrows represent the primary trophic interactions of the IGP system that are critical in terms of anchovy-gelatinous shift the deepening of the mixed-layer in autumn and winter. The nitrate source layer constitutes the upper portion of the chemocline where nutrients accumulate due to aerobic remineralization of organic material above the denitrification-suboxic layer of the water column (Konovalov & Murray 2001) . The rest of the chemocline layer is located below the active turbulent mixing zone and normally does not affect biological production in the surface layer. Using the same vertical structure, a slightly more complex food web structure reproduced major features of the observed annual plankton dynamics (e.g. surface-intensified spring and autumn primary and secondary productions and sub-surface summer productions) during the intense eutrophication period of the Black Sea ecosystem (Oguz et al. 2001) . Description of LTL model structure. The LTL food web structure is a relatively simplified version of the model described by Oguz et al. (2001) . It involves the 3 most dominant phytoplankton functional groups (P 1 , diatoms; P 2 , dinoflagellates; P 3 , small phytoplankton) and 3 zooplankton functional groups (Z 1 , mesozooplankton; Z 2 , microzooplankton; Z 3 , gelatinous carnivores). The coccolithophore Emiliania huxleyi, which forms part of the observed phytoplankton species succession in May-July (Cokacar et al. 2003) , was excluded due to its limited role in resource supply to higher trophic levels.
The moon jelly Aurelia aurita (hereafter refered to as Aurelia) was the most dominant gelatinous species in the Black Sea from the 1970s to the late 1980s, before Mnemiopsis was present in the Black Sea (Shushkina & Musayeva 1983) . The ctenophore Mnemiopsis reached the Black Sea from the east coast of the United States during the early 1980s, acclimated to local conditions during the mid-1980s, and suddenly and abruptly acquired a biomass 2 to 3 times higher than Aurelia at the end of the 1980s (Vinogradov et al. 1989) . The gelatinous group of the model therefore represents medusae of Aurelia until the end of the 1980s and Mnemiopsis afterward. This simplified representation may be justified on the premise that Aurelia and Mnemiopsis have comparable growth and mortality rates (Shushkina & Musayeva 1983 , Shushkina et al. 1998 , and the gelatinous group in the Black Sea was always dominated by either species. The difference essentially stems from their different reproduction and life history characteristics, which were not resolved in the present study.
The reproduction and feeding characteristics of Mnemiopsis give them a competitive advantage over Aurelia (Finenko et al. 1995 . Aurelia females harbor fertilized eggs, and the larvae settle on hard substrates in oxygenated near-shore waters to become polyps. Benthic polyps bud small (1-2 mm) medusae that grow in spring and reach a sexually mature adult stage in summer (Lucas 2001 ). By contrast, the survivors of the overwintering Mnemiopsis population shed gametes directly into the surrounding water within the upper mixed layer when conditions improve and fertilization takes place (Martindale 1987 , Kremer & Reeve 1989 .
Nitrate constitutes the only abiotic compartment in this simplified model. Nitrate concentration (N c ) is linked to the plankton compartments by partial recycling of detritus flux within the euphotic zone as well as by supply from the subsurface source layer through vertical turbulent exchanges. The nitrogen cycle incorporates neither bacterially-mediated remineralization of particulate organic nitrogen nor a subsequent transformation of the labile fraction of dissolved organic nitrogen (DON) into ammonium and then nitrate. Instead, the model assumes immediate conversion of part of the detritus into nitrate, whereas the rest is lost to deeper layers. The model configuration therefore compromises between simplicity in terms of overall food web representation and complexity in terms of its critical processes controlling the food web structure for the problem under consideration.
Mathematical formulation of the LTL model. The governing equations of the LTL model are given in compact notation by Eq. (1a-f) applies for both layers of the euphotic zone (k = 1, 2); explicit forms of all terms are documented in the Appendix, and the definitions of parameters and their values are listed in Tables 1 to 4 . Underlined and double-underlined terms are referred to in the following sections. The operator d/dt represents the time derivative; P i and Z i , respectively, denote any of the 3 phytoplankton and zooplankton groups; and N c is the nitrate concentration. Det_flux denotes the detritus flux, comprised of the unassimilated fraction of food consumption
of 3 zooplankton groups and all anchovy age classes. All state variables are expressed in mmol N m -3 . According to Eq. (1a), the biomass density for any phytoplankton group changes in time due to growth (U i ; Eq. A1 in the Appendix), grazing by micro-and mesozooplankton groups (G P i Zj ; Eq. A6a,b) mortality (m Pi ), and vertical exchange between the layers (M P i ; Eq. A8). In the growth term, the maximum growth rate, r Pi , is reduced by products of nutrient, light, and temperature limitation functions (Eqs. A2-A5). In Eq. (1b, c), meso-and microzooplankton biomass densities change temporally due to ingestion of phytoplankton, consumption by total gelatinous carnivores ( ; Eqs. 8 & A7) and by all cohorts of the age-0 age class and the older age classes of the anchovy population ( ; Eq. 7a,b), mortality (m Zi ), and vertical migration between the layers (M Z i ; Eq. A8), respectively. Mesozooplankton graze on microzooplankton ( ); Eq. A6c) as well. Gelatinous biomass changes over time (Eq. 1d) through their feeding on anchovy eggs and larvae , microzooplankton and mesozooplankton ( ), losses due to natural mortality, and exchange between the layers due to vertical migration (M Z 3 ; Eq. A9). The additional source term parameterizes lateral transport of young gelatinous species biomass ( ) grown in near-shore regions into the model domain via the regional circulation system with the transport rate κ Z3 . The parameters denoted by ε Z1 , ε Z2 , ε Z3 in Eq. (1b-d) represent the fractions of food digested and assimilated by the zooplankton groups after all excretion and respiratory losses, expressed by constant proportions of the consumption, are removed. They convey the product of a food digestion coefficient (about 70 to 80%) and a food assimilation coefficient (about 70 to 75%).
N c in the surface mixed and sub-thermocline layers varies temporally (Eq. 1f) due respectively to its uptake in phytoplankton growth, recycling of unassimilated food and of dead planktonic material, vertical diffusion, and entrainment between the layers and from the subsurface source layer, M N k (Eq. A9). According to Eq. (1f), nitrate recycles partially within the euphotic layer, and the rest constitutes total export flux to deep layers. As stated earlier, the remineralization process is not modeled explicitly. Instead, this process is assumed to be responsible for long-term nitrate accumulation in the chemocline layer under intensifying eutrophication (Fig. 2) . It is characterized in the model by the subsurface nitrate concentration (N c ) prescribed externally as one of the control (forcing) variables in the model. Its product with the sum of diffusion and entrainment rates specifies the N c supplied from the source layer into the euphotic zone that drives the nutrient cycling and biological production in the model (Eq. A9). Since the model assumes no active biology in the source layer, no phytoplankton and zooplankton flux is specified from the source layer into the euphotic zone (see Eq. A8).
The terms underlined in Eq. (1b-d), which mark micro-and mesozooplankton consumption by anchovy and gelatinous carnivores and recycled fractions of their unassimilated forms, constitute the dynamic linkage between the LTL and anchovy models. Description of the higher trophic level model structure. The Black Sea anchovy is known for its extraordinarily high fecundity, long spawning season (May to September), and opportunistic feeding on a wide selection of micro-and mesozooplankton types (Lisovenko & Andrianov 1996) compared to other anchovy species in different parts of the world (Alheit 1989 , Castro & Cowen 1991 , Millan 1999 , Funamoto et al. 2004 , North & Houde 2004 , Basilone et al. 2006 , Palomera et al. 2007 ). In general, it has the ability to adapt its reproductive characteristics (e.g. batch fecundity, spawning frequency, age/length at first maturity) to changing environmental conditions. Its high food consumption capability, even during the spawning season, provides sufficient energy to support all expenses of basal metabolism, somatic growth, and active reproduction. It can feed continuously day and night if prey is available (Bulgakova 1996) . It grows rapidly, matures early (within the first year), shows schooling behavior especially during the spawning season, and is characterized by high swimming activity and active seasonal migration to more productive areas for overwintering. The size and weight of adults vary in the range of 8 to 15 cm and 5 to 21 g wet weight (gww), depending on environmental conditions and age.
Female adults spawn most efficiently in June to August when water temperatures exceed 20°C, and the optimum temperature is around 23-25°C , Lisovenko & Andrianov 1996 , Sorokin 2002 ). In the higher trophic level (HTL) model, hereafter anchovy model, the anchovy spawning season begins on 1 June, even though temperature of the mixed layer may be slightly less than 20°C, depending on the annual mixed layer temperature structure. The spawning period lasts until the end of August and therefore comprises 90 d (each month is assumed to be 30 d).
Temperature is a critical factor during anchovy early life stages (Garcia & Palomera 1996 , Lisovenko & Andrianov 1996 , North & Houde 2004 . In the Black Sea, eggs and larvae are always found above the seasonal thermocline (in the upper 15 to 20 m), and egg production is not possible within the cold intermediate layer (~7°C) below the surface mixed layer , Kideys et al. 1999 , Satilmis et al. 2003 ). In the model, population dynamics of the early life stages were therefore limited to the surface mixed layer. However, juvenile, young of the year (YoY), and adult anchovy may follow the vertical migration of zooplankton prey and are likely distributed more uniformly within the euphotic zone. The anchovy model treats the entire euphotic zone as a single layer system for post-larval populations in order to avoid the difficulty of parameterizing their vertical movement and feeding on herbivores.
Eggs spawned each day of the spawning season are followed as a specific cohort through hatching, yolksac larva, early larva, late larva, juvenile, and YoY stages of the age-0 class. According to observations, the pre-larval period lasts for about 2.0 to 2.5 d at water temperatures above 20°C (Lisovenko & Andrianov 1996) . For simplicity, the model assumes a 1 d constant developmental period for both hatching and yolk-sac larval phases with no temperature dependence. Larvae are assumed to begin feeding on microzooplankton 2 d after hatching in the early larval phase (up tõ 1.0 cm length) and in the late larval phase (up to 2.5 cm). Larvae metamorphose into juveniles at 2.5 cm, juveniles become YoY at 4.0 cm, and YoY individuals reach sexual maturity at 6.0 cm (Lisovenko & Andrianov 1996) . Under typical conditions, the early larval stage spans 12 d, the late larval stage is about 22 d, and the juvenile stage lasts about 32 d (Sorokin 2002) . All individuals hatched on the same day are considered to belong to the same cohort. The model thus specifies 90 daily cohorts every year. The members of each cohort have identical life histories, but population and size of cohorts vary over the course of the year depending on internal and external conditions. At the beginning of June (i.e. the start of the new spawning season), the sum of recruits from all 90 cohorts is assigned to the population of the age-1 class, and the mean weight of all cohorts is assigned to the weight of the age-1 class. Other age classes are similarly promoted to the next higher age classes: yearlings become age-2, age-2 become age-3. Any older individuals are retained in the age-3 class. The anchovy population can live for up to 4 yr, but they often do not survive more than 2 yr due to high fishing mortality.
Mathematical formulation of the population growth model: The total number of healthy eggs produced daily in the mixed layer by female adults in age-1 to age-3 classes during June to August is parameterized according to (2) where X i and W i (i = 1-3) denote population density and weight of an individual anchovy in adult age classes, respectively, E g signifies the daily weight loss rate of mature female adults for egg production, S is the efficiency of healthy eggs produced, w egg is the individual egg weight (Table 5) , and ƒ e (T 1 ) is the temperature dependence of egg production that is expressed by a Q 10 type function (similar to Eq. A5) and varies between 0.70 at 20°C and 1.0 at 25°C. X oe represents a constant number of eggs (0.5 eggs m -3 ) produced daily, independent of anchovy population and biomass in the model domain. This background value helps to introduce a cohort even when the mixed layer temperature may be less than 20°C between 1 and 15 June (according to the annual climatological temperature annual cycle).
Eq. (2) relates anchovy egg production to mixed layer temperature and population and body size of adult females, which then links reproduction to feeding conditions (Eq. 4, under 'Mathematical formulation of the weight growth model' below) and ultimately to the intensity of bottom-up resource control. Therefore, spawning and early life history characteristics are expected to respond differently to developing eutrophication and climatic conditions at interannual and longer time scales. This density-dependent population growth mechanism is a central focus of the simulations described in the next section. In the present study, the temperature control in Eq. (2) considers only intraannual variations without interannual changes.
The population density (X A ; ind. m -3
) of any anchovy cohort of the age-0 class or each of the adult age classes changes with time according to (3a) where m f and m n denote the fishing and natural mortality rates, respectively. The natural (predation) mortality rate is expressed by (3b) that comprises the sum of linear and quadratic contributions (Fulton et al. 2003 , Tian et al. 2004 ). The first term (hereafter referred to as the basal mortality with the rate constant m b ) represents stable or average environmental conditions and varies for different life stages (Table 6) . It also includes all other non-predatory losses. The quadratic, density-dependent components involve the predation mortalities due to (1) predation by large and medium pelagics and demersals (the second term) that are not explicitly included in the model and increase with anchovy population size at the rate constant, m l , and (2) the gelatinous carnivore (the last term) that operates only for the eggs and larval population (< 2.5 cm) in the surface mixed layer. The parameter r (Table 4) , and Z 3,k=1 is the gelatinous biomass density in the mixed layer. The predation mortality parameterization of the gelatinous group does not include processes such as predator encounter rates, probability of attack, capture efficiency, predator size, prey (anchovy) 0.10 day of spawning Maximum number of cohorts unitless 9000 Table 5 . Parameter values of the anchovy model size and abundance, and presence of alternative food (Cowan et al. 1996 , Purcell & Arai 2001 . The model also incorporates starvation (weight dependent) mortality that may occur when prey availability is not sufficient to maintain basic metabolic requirements (i.e. dW/dt < 0 in Eq. 4) (e.g. in winter). Following Rose et al. (1999) , starvation mortality applies whenever the weight loss exceeds 35% for larvae and 50% for post-larval stages with respect to the weight expressed by the length-weight relationship. A particular year class population subject to starvation loses weight, but not length. Eq. (3a,b) forms a closed system with no source/sink due to the migration mechanism.
Mathematical formulation of the weight growth model: The bioenergetics-based anchovy weight growth model follows Luo & Brandt (1993) , Rose et al. (1999) , McDermot & Rose (2000) , and Megrey et al. (2007) . No weight growth occurs in egg and yolk-sac larval phases of each daily cohort. By the beginning of the early larval phase, individuals of each cohort start feeding and become subject to weight growth following (4) where W A (mgC ind.
-1 ) denotes weight of an individual anchovy for any cohort of the age-0 class. The same equation also applies to the adult age classes. The right hand side of Eq. (4) describes the difference between the realized consumption rate (ε A C A ), the losses due to total respiration (R A ), and the weight loss rate due to reproduction by sexually mature (> 6.0 cm) female individuals (E g ), all expressed per day (d -1 ). The parameter ε A denotes the fraction of the consumption rate used for growth after losses due to egestion, excretion, and specific dynamic action (i.e. the energy loss associated with food digestive processes) are subtracted ( Table 5) . Each of these losses accounts for a constant proportion of the consumption rate, and all together typically amount to 50% (Rose et al. 1999 , Megrey et al. 2007 . The variable C A represents the consumption of herbivorous zooplankton ( ) and omnivorous zooplankton ( ) by an individual anchovy. They are expressed in terms of the maximum consumption rate c 1 (
), anchovy weight, water temperature, and mesozooplankton and microzooplankton biomass density by (5a) where c 2 is a non-dimensional number representing weight dependence of consumption (Table 6) , is the total amount of micro-or mesozooplankton consumed in the euphotic layer (Eq. 5b,c), and ƒ(T) is the temperature limitation function of the euphotic zone (Eq. 5d).
Defining the euphotic layer average biomass density ( ) of mesozooplakton (i = 1) or microzooplankton (i = 2) as (5b) is expressed by a sigmoidal function of the form (5c) In Eq. (5c), K ZA is the half saturation constant for individual anchovy feeding on micro-and mesozooplankton (Table 6) , and s j is the food preference coefficient of anchovy for either of them (Table 3) . As stated above, anchovy feed only on microzooplankton within the mixed layer until the metamorphosing stage (< 2.5 cm).
The temperature limitation function in the euphotic zone, ƒ(T), is defined by the weighted sum of its contributions for the mixed and sub-thermocline layers, ƒ k (T k ), relative to the thickness of the euphotic layer: (5d) with Q 10Z = 2.2 and T Zref = 13°C (Table 4 ). This scaling ensures that ƒ(T) does not exceed unity. The temperature control in the mixed layer, ƒ 1 (T 1 ), is equal to unity (i.e. optimal) at the maximum mixed layer temperature ƒ ƒ a n dƒ (Rose et al. 1999 ). On the other hand, the temperature control in the subthermocline layer, ƒ 2 (T 2 ), always remains sub-optimal because of the year-round low temperature of ~7°C.
The overall temperature limitation function of the euphotic zone (Eq. 5d) is therefore always less than unity, even in the warmest summer months, and reduces weight growth efficiency of anchovy.
Respiration involves the sum of routine and active metabolic losses, expressed by Luo & Brandt (1993) as (6) where r 1 (mg C d -1 ) denotes the maximum rate of routine respiration at optimal temperature (Table 6) , r 2 is the exponent of weight dependence of respiration (Table 6 ), ƒ(T) is the overall temperature limitation function for the euphotic zone (Eq. 5d), and A F is a constant anchovy activity factor (Table 5) .
The length of any cohort (including adults) is estimated by the relationship L A = b 1 W A b2 with b 1 and b 2 being constant coefficients obtained from the observed length (cm)-wet weight (gww) data (Table 5 ). The weight W A (in mgC) is converted to wet weight using the conversion 1 gC = 9 gww. The length and wet weight estimations are useful for calibration and validation of the model, but they do not take part in the model dynamics.
Coupling of anchovy and LTL models. Following Eq. (5a), the daily total consumption rate of mesozooplankton (i = 1) and microzooplankton (i = 2) by the entire anchovy population in the euphotic layer (i.e.
in Eq. 1b,c,e) is expressed by (7a) where the terms within the square brackets combine the sum of individual contributions of all 90 cohorts of the age-0 class (the first summation) and of the age-1, 2, and 3 classes (the second summation); the coefficient CN r = 0.01 converts the consumption rate from mgC m -3 d -1 to mmol N m -3 d -1 by assuming 100 mgC = 1 mmol N. Eq. (7a) acts like a sink term in Eq. (1b,c) and a source term in Eq. (1e). It is partitioned among the mixed and the sub-thermocline layers of the LTL model according to the relative food availability of the layers:
The second coupling between the HTL and LTL models arises from the predation of gelatinous carnivores (the double underlined terms in Eq. 1c,e) on anchovy eggs and larvae. Incorporating all eggs and larval anchovy (< 2.5 cm) biomass losses from all cohorts of the age-0 class in the mixed layer (k = 1), we write (8) No coupling between anchovy and gelatinous zooplankton exists for the second layer ( ) because of its unfavorable temperature conditions for the survival of anchovy eggs and larvae.
Implementation of the coupled model. Specification of LTL model parameters: The specification of the LTL model parameter values (Tables 1-4) benefits from earlier LTL food web modeling studies (e.g. Oguz et al. 2001 , Oguz & Merico 2006 . The model assigns the climatological-mean environmental conditions of photosynthetically available radiation (PAR) and temperature in the layers (Eqs. A3-A5). For computational convenience, we assumed that (1) the euphotic zone has a constant thickness of 50 m. (2) The mixed layer never deepens below the euphotic zone; thus the 2-layer structure of the euphotic zone is maintained throughout the year. In reality, the mixed layer may deepen up to 60-70 m under occasional strong mixing conditions. (3) The mixed layer depth (h 1 ) varies linearly during the spring (from 10 March to the end of June) and autumn (October to December) transition periods between its shallowest position (15 m) in summer and deepest position (45 m) in winter. (4) When h 1 = 45 m (January-February), both layers are allowed to entrain nutrients from the source layer; otherwise the entrainment proceeds only between the first and second layers.
The entrainment rate, w e (d -1 ), is specified diagnostically by the relationship w e = (δh 1 /δt)/h s during the
. Table 7 . Range of control parameters examined for simulation of the transition events TR1, TR2, and TR3. fyr -1
: fishing year, defined by the product of daily fishing pressure rate with 165 d of fishing during 1 yr deepening phase of the mixed layer, but it is set to 0 during its shallowing phase; h s is a depth scale (= 10 m) to express w e in d -1
. It increases linearly during the deepening phase of the mixed layer from 0 at the beginning of October to its maximum value 0.04 d -1 at the beginning of January. The mixed layer then remains constant at h 1 = 45 m until 10 March before returning to 0. The mixed layer and entrainment variations set were based on preliminary experiments with mixed layer dynamics embedded into the model (Oguz et al. 2001) . Nitrate is allowed to diffuse between the layers at a constant rate of ν Nc = 0.01 d -1 throughout the year, which corresponds to one-fourth of the maximum entrainment rate in winter. The value of the source layer N c varies, depending on the particular phase of eutrophication.
The mixed layer temperature follows an increasing trend from its lowest value of 7.0°C at the end of February to a maximum value of 25°C in July-August. By the end of August, it switches to a decreasing trend over the autumn-winter cooling period of surface waters. The temperature limitation function of the mixed layer (Eq. A5) attains a value of 1 (i.e. no limitation) at 25°C, but limits plankton and anchovy growth as temperature decreases. Temperature of the subthermocline layer is set to 7.0°C throughout the year to incorporate the water mass structure of the permanently cold intermediate layer.
PAR illuminates the deeper part of the euphotic zone less efficiently during the deepening phase of the mixed layer. The mixed layer light limitation function (Eq. A3) decreases to ca. 0.1 during December to February and imposes an additional strong control on phytoplankton growth. As for the temperature limitation, low winter PAR reduces phytoplankton production in the second layer to ca. 50% of that in the mixed layer.
The model food web assigns 2 major trophic pathways according to the diet composition matrix given in Table 3 . The first pathway links carbon fixed by large phytoplankton cells to mesozooplankton and then anchovy. This classical food chain is modeled by assigning diatoms and dinoflagellates to constitute 40% and 30% of the mesozooplankton diet, respectively, and mesozooplankton (mostly large copepods and cladocerans) to form 60% of the anchovy diet. The second pathway extends from small phytoplankton to microzooplankton and gelatinous carnivores. Small phytoplankton constitutes 60% of the microzooplankton diet; the rest of their diet is equally supplied by smaller cell size diatoms and dinoflagellates. The microzooplankton group itself forms 60% of the gelatinous diet. The remaining 40% represent contributions of small size mesozooplankton, juveniles, and nauplii of copepods and cladocerans. Mesozooplankton consumption of microzooplankton and gelatinous feeding on anchovy eggs and larvae further links these 2 trophic pathways of the food web.
The growth rate of the gelatinous group (r Z3 in Eq. A7) varies over the year in order to mimic its dependence on temperature and life cycle characteristics. It retains a maximum value of 0.05 d -1 during spring and summer seasons when maximum reproduction takes place and the population is dominated by early life stages with a higher growth rate (Shushkina et al. 1998) . It decreases gradually in late autumn and winter to 25% of its maximum value as the population is formed only by adults and water temperature decreases to around 7°C.
Specification of anchovy model parameters:
The anchovy model comprises 15 parameters. Some of them were specified using available data from the Black Sea and other regions, and the remaining ones were assigned by trial and error adjustment until we achieved a reasonable fit between the ranges of predicted and observed eggs and larvae populations, and mean lengths and weights-at-age for larval and adult stages. Parameters b 1 and b 2 of the length-weight relationship (Table 5) were based on the averages of their estimates given by Samsun et al. (2006) . Among other parameters listed in Table 5 , the egg size and weight were set to 1.8 mm and 0.23 mg wet weight, to equal approximately 0.02 mgC (Lisovenko & Andrianov 1996) . The spawning efficiency (S) was assigned a moderate value of 0.22 within its observed range of 0.15 to 0.35 (Satilmis et al. 2003 , Somarakis 2004 . The daily anchovy body weight loss rate (E g ) for reproduction was assumed to be 0.10 d -1
, which was consistent with the general range of 0.05 to 0.10 d -1 reported by Somarakis et al. (2004) . The choice of E g λ S in Eq. (2) is less critical than basal mortality rates of egg and yolk-sac larval stages (Table 6) , which govern more predominantly surviving larvae and post-larval populations. The utilization efficiency parameter, ε A , was set to 0.5 (Table 5) . It does not vary with body size and feeding conditions and therefore does not constrain the weight growth under high food conditions (Rose et al. 1999 , Peck & Daewel 2007 .
The basal mortality rate (m b ) was the most difficult parameter to specify, especially for pre-recruitment stages. On the basis of various data sets (Gordina et al. 1998 , Kideys et al. 1999 , Sorokin 2002 , Satilmis et al. 2003 and optimization experiments, we assigned 65% population loss d -1 for eggs and yolk-sac larvae, 30% for early larvae, and 10% for late larvae. This setting roughly corresponds to the basal mortality rate of 1.0 d -1 for the eggs and yolk-sac larval phases, 0.3 d -1
for early larvae, and 0.1 d -1 for late larvae (Table 6) . These values are similar to those expressed as a function of length by Rose et al. (1999) and slightly higher than those given by Sorokin (2002) . We further as-signed m b as 0.02 d -1 for juveniles and 0.007 d -1 for YoY (Table 6 ). The adult rate of 0.001 d -1 was defined on the basis of various data sets compiled by Samsun et al. (2006) . The fish predation mortality rate, m l , is one of the control parameters in the model that varied between 0.0001 and 0.0010 m 3 d -1 (Table 7) in order to identify its most appropriate values for different anchovy stock transition periods.
The consumption and respiration parameters are stage-dependent and mostly follow those given by Monteiro (2000) . The nondimensional parameter c 2 varies from 0.27 for early larvae to 0.32 for YoY and adult classes (Table 6 ). The maximum food consumption rate c 1 decreased from its greatest value of 1.23 mgC d -1 for early larvae to 0.33 mgC d -1 for adults (Table 6 ). The value of K ZA = 135 mgC m -3 resulted in more efficient weight growth of the early life stages when assuming 225 mgC m -3 for the adult age classes (Table 6 ). As shown in the following sections, increasing values of c 1 and K ZA have contrasting effects on anchovy weight growth and need to be adjusted simultaneously. r 1 increased from 0.022 mgC d -1 for early larvae to 0.028 mgC d -1 for YoY and adults (Table 6) . r 2 was set to 0.34 for all age classes.
Fishing mortality (m f ) was imposed on recruits and adults greater than 7 cm during the fishing period, which lasts for 165 d from 1 October to 15 March every year. Typically, this period accounts for more than 80% of the total annual landings (Prodanov et al. 1997 ). The fishing mortality rate was defined per day (d ). The range of m f values for each stock transition event is given in Table 7 . 
DESIGN OF MODEL SIMULATIONS
Synopsis of key assumptions and simplifications in the anchovy model. Major simplifications and assumptions used in the coupled model that set up physiology, growth, and survival characteristics of the anchovy population are briefly summarized here as a prelude to the simulation experiments described in the following section. They are listed as follows: (1) the LTL model is driven by climatological mean monthly forcing of temperature, light, mixed layer depth, and entrainment velocity. The LTL model therefore does not include any interannual variability. However, annual zooplankton and gelatinous biomass may vary during different transition periods, depending on the intensity of bottom-up and top-down controls. (2) Spawning always takes place under the same (climatological mean) summer temperature conditions. For given values of constant spawning efficiency and spawning rate, its year-to-year variations therefore depend only on variations in body weight and population size of adult females. (3) The basal mortality rate is kept unchanged throughout the simulation period of rapid stock changes, but the overall natural mortality (Eq. 3b) varies due to the changes in predation mortalities during different phases of anchovy stock changes. (4) The bioenergetics model does not incorporate a seasonally varying energy density ratio of zooplankton and anchovy. A constant energy density ratio value is absorbed into the maximum consumption and respiration rates. (5) Differential zooplankton feeding of different anchovy life stages is not incorporated into the weight growth formulation, because such details are not available from observations for the 1970s and 1980s. This simplification likely leads to more efficient food consumption and thus less starvation than may take place in nature. (6) The predation mortality caused by large pelagics is not explicitly modeled. Instead, it is parameterized by a density-dependent mortality function. The fish predator mortality therefore changes both seasonally and during different stock transition periods depending on anchovy populations. (7) Large pelagics predate all anchovy size classes at the same rate, although their predation rate may in reality be higher for larvae and juveniles. (8) Intra-specific competition and limitation of weight growth by population size are not incorporated. (9) Inter-specific interactions with other fish species (e.g. sprat, sardine) that share the same trophic level with anchovy are not included. (10) The anchovy consumption of zooplankton does not incorporate the foraging parameterization (e.g. Rose et al. 1999) . (11) All cohorts of the age-0 class are merged into a single cohort of age-1 class at the beginning of the new spawning period instead of tracking each cohort independently up to the end of the fourth year. This approach implies that the age-1 and older age class stocks are estimated by the product of average weight of all cohorts with the total population of cohorts. The validity of this simplification was assessed by comparing the stock of the age-0 class prior to the beginning of the following spawning season. This approach overestimated the total recruitment stock by between 10% and 15% for different simulations with respect to the alternative estimate based on the total biomass of all cohorts. It allows a better comparison of the model-derived stock estimates with the virtual population analysis (VPA) estimates of Prodanov et al. (1997) computed by the multiplication of year class abundances with their respective observed mean weights.
Outline of the simulation experiments. The simulations presented in the subsequent sections are classified in 2 groups. The first group involves sensitivity of the anchovy model to the changes in some critical parameters that are kept fixed for all simulations and therefore do not directly control the hypothesized anchovy and gelatinous biomass transitions. The second group examines sensitivity of model dynamics to 4 specific parameters that likely governed anchovy and gelatinous biomass changes during different phases of the ecosystem. They are as follows: (1) N c , the subsurface nitrate concentration (a measure of bottom-up control due to nutrient enrichment); (2) κ Z3 , the external source of gelatinous biomass transported into the area from near-coastal regions where they reproduce and grow (a measure of top-down gelatinous control), (3) m l , the piscivorous fish predation pressure rate (a measure of top-down fish predator control), and (4) m f , the anchovy fishing mortality rate (a measure of top-down fishing pressure control). Their values used for different experiments are listed in Table 8 . Observed features of each transition event that further constrain their choices are described below.
Transition TR1: The lack of strong climate-induced variations, low nutrient content within the water column and associated weak bottom-up control, low anchovy stock (~300 kt) and catch (<100 kt), and negligible gelatinous biomass characterized the ecosystem prior to 1970 (Oguz & Gilbert 2007) . The most conspicuous observed feature of TR1 was the considerable decrease of piscivorous predation pressure on small pelagics due to depletion first of dolphins, large pelagics, and demersals, and then horse mackerel towards the end of the 1960s, and finally bonito and bluefish during the early 1970s (see Fig. 43 (Table 7) . Its relatively high values identify the low anchovy-high predator stock regime prior to TR1, while its low values correspond to the opposite high anchovy-low predator stock regime of the post-transition state. The pre-and post-transition states are further characterized by low subsurface nitrate source concentrations (N c < 2.0 mmol m ) and a negligible supply of young Aurelia from near-coastal regions (κ Z3 = 0).
Transition TR2: This transition coincides with the period of intensifying eutrophication and deteriorating ecological state of the Black Sea (Fig. 2) . Aurelia biomass of ~1.0 gC m -2 was recorded in April-May and September-October in different regions of the basin (Shushkina & Musayeva 1983 , Sorokin 2002 . The exploitable anchovy stock and catch increased to 1300-1400 kt and 450-500 kt, respectively (Fig. 1) . The fishing pressure was still low (Ivanov & Panayotova 2001) , and the predation mortality caused by piscivores was already reduced to its low values. Thus, the transition TR2 appears to be controlled primarily by the changes in N c and κ Z3 . This hypothesis was tested by the simulations in which N c covered the range between 1.0 mmol m -3 and 3.5 mmol m -3 for different choices of κ Z3 (Table 7) .
Transition TR3: According to Fig. 1 , the high anchovy stock regime over 1000 kt persisted up to 1988 and then declined markedly to 350 kt around 1989-1990 with a concomitant increase of gelatinous biomass up to 3.0 gC m -2 during their spring and latesummer reproduction periods (Fig. 2) . One of the critical factors that controlled the size of the anchovy stock was the change in fishing pressure due particularly to the increasing Turkish purse seine fleet capacity (Bilgin 2006) . Some recovery of medium and demersal stocks (Sorokin 2002 , Oguz 2007 ) and thus their somewhat higher predation pressure on anchovy compared to the early 1980s, as well as further enrichment of the biologically productive surface layer (Fig. 2) , may have been other factors contributing to anchovy stock changes during the late 1980s.
With regard to enrichment, the model considers that nitrate accumulated in the upper chemocline zone during the 1980s was more efficiently supplied into the euphotic zone by stronger and deeper turbulent mixing in the water column that apparently took place between 1985 and 1987, following the switch of the North Atlantic Oscillation index from a strongly negative to a strongly positive mode ). The impact of severe winter conditions on the water column physical structure for this period was evident by the deeper and cooler winter mixed layer and the cooler summer subthermocline layer (Fig. 1a,b in .
RESULTS

Sensitivity experiments for the anchovy model
The basal mortality (m b ), the maximum consumption rate (c 1 ), and the half saturation constant of anchovy feeding on zooplankton (K ZA ) were the most critical parameters controlling the anchovy population and weight growth dynamics. We found that ±10% changes in m b with respect to its optimized values at different life stages (Table 6 ) introduced considerable differences in the age-0 class population (Fig. 4a) . The total population varied between 0.4 and 0.6 ind. m -3 during the first half of June (early phase of the spawing season with limited egg population density) when the mixed layer temperature was below 20°C. As soon as it exceeded 20°C, active spawing started, and a population size of between 1.5 and 4.4 ind. m -3 persisted until the end of the spawning period (Day 90). Populations rapidly decreased by more than 1 order of magnitude to a range of 0.10 to 0.01 ind. m -3 in September to November (Day 91 to 150) due to high mortality rates during the early life stages of anchovy. Thereafter, the rate of population decrease weakened gradually for the recruits, but change of 1 order of magnitude (between 0.030 and 0.002 ind. m (a) Daily-mean population of all cohorts of the age-0 class and (b) daily-mean weights (gww) of the age-0, age-1, and age-2 classes for: the 'moderate stock regime' simulation (MSR2 in Table 10) (thick line) and simulations with a ±10% change in the basal mortality rate (thin lines). Additional simulations show ±10% changes in the maximum consumption rate (d) and the half saturation constant of zooplankton consumption (f f). Day 0 refers to the start of the spawning season on 1 June the same amount of decrease. This implies complex nonlinear feedback mechanisms controlling anchovy population dynamics. Population changes due to variations in m b also affected the weight growth up to ~1.5 gww in older age classes (Fig. 4b) . Similarly, ±10% changes in either c 1 or K ZA resulted in a weight difference of ±1.5 to 2.0 gww in the recruits that further increased up tõ 5.0 gww for the older age classes (Fig. 4b) . A notable feature of all simulations was the linear weight increase during the first 210 d (summer to mid-winter) and the slowed growth and the eventual weight loss during late winter and early spring (Day 210 to 330) due to food limitation and low water temperatures (<10°C). Positive weight growth started only after Day 330 (beginning of May) with the commencement of warming, enhanced plankton production, and the active zooplankton feeding period.
Corroboration of the anchovy model
The simulated anchovy egg population, length, and weight changes for all age-classes agreed with their observed ranges. The daily average egg population (i.e. total eggs per 90 d spawning period) within the 15 m mixed layer varied between a minimum of ~20 eggs m -2 for the pristine state (1960s) and the collapsed state (end of the 1980s), and a maximum of ~100 eggs m -2 during the intense eutrophication phase prior to the outburst of Mnemiopsis (Table 9) . A comparison to historical data was not possible due to the lack of egg and larval surveys within the Black Sea between 1963 and 1986 . The available data up to 1963 were limited to the northwestern shelf and the Crimean region (hereafter referred to as NWCR) that was already eutrophic in the 1960s and became hypertrophic in the 1980s. Within the limitations of data availability, the computed egg population for the 1980s can best be compared to the data representative of the 1960s' eutrophic environment of the NWCR, and the 1960s' pristine state with the data from the 1950s preeutrophication environment of the NWCR. This comparison (Table 9) showed the capability of the model to capture the correct magnitude of the egg population under different ecosystem conditions.
The lack of data also hindered a comparison of the daily mean length of larvae of all cohorts with observations. We therefore used the data from other seas representative of different environmental conditions to ensure that our model did not provide any atypical anchovy larval length growth. The linear length increase up to 2.0 to 3.0 cm within the first 40 d after hatching deduced for different simulations was within the range of these observations (Fig. 5) .
Daily average weight and length variations of postlarvae and adult populations (Fig. 6a,b) obtained from different simulations (Table 10) Average egg number m -2 measured in the northwestern shelf, off the Crimea, and in the interior basin, respectively Table 8 for the simulations LSR1, LSR2 and HSR2, HSR4
to about 9 ±1.0 cm and 5 ±1.0 gww during the first 6 mo. The weight growth ranged between 2 and 4 gww yr -1 and 3 and 5 gww yr -1 for age-1 and age-2 classes, respectively, and between 1.5 and 3 cm yr -1 for the length for both adult age classes. The largest deviation of the simulated weight from observations appeared for age-0 and age-1 year classes of the high stock regime (HSR, in the early 1980s) that represented the conditions of low-to-moderate fishing pressure, high food availability, and relatively low gelatinous pressure (Fig 6a) . This may be partly due to the mismatch between the periods of observed and simulated stocks. Over-prediction of the weight growth under high carrying capacity conditions may also have contributed to the difference.
Transition from low to moderate stock regime (TR1)
The mechanisms causing the changes in anchovy properties before and after the transition TR1 were described by 2 particular simulations (Table 8 ) per day, which is in agreement with observations ( Table 9 ). The limited egg production resulted in a relatively low exploitable stock around 1.0 to 2.0 t km -2 (Fig. 7b) and catch of 0.25 to 0.5 t km -2 (Fig. 7c) . These values may be compared to observations when the total stock and catch data ( Fig. 1) are divided by 150 000 km 2 , which amounts to the total surface area of the peripheral zone shallower than 1000 m (Prodanov et al. 1997 ) and corresponds roughly to fishing and spawning grounds over the Black Sea (Ivanov & Beverton 1985) . Then, the choice of m l at ~0.0004 m 3 d -1 (Table 10 ; case no. 1) reproduced well the observed exploitable stock value of 300 kt (2.0 t km -2
) and a catch value of ~75 kt (0.5 t km , implying a stronger loss of piscivorous predation control. In the absence of data on changes of N c and m l , it was not possible to assess which choice may more appropriately define the transition process. In the latter case, anchovy stocks increased merely due to the direct effect of predation pressure on population increase and its positive and negative feedbacks (Fig. 8) . In the former case (enrichment plus predation loss), both weight and population increase contributed to the stock change.
The lower trophic level responded weakly to a new and different top-down control introduced by the transition. The annual mean total zooplankton biomass decreased from 0.75 to 0.63 gC m -2 , and the phytoplankton biomass increased from 2.82 to 2.90 gC m Table 9 density-dependent feedback mechanisms. Direct impact of the weakening predation pressure in the total anchocy biomass (Fig. 8) introduced a positive feedback mechanism via higher egg production and subsequent increase in larval and recruitment populations and the total anchovy biomass (Fig. 8) . This contribution was partly compensated by 2 negative feedback mechanisms (Fig. 8) .
Higher stocks exerted stronger predation pressure on zooplankton and thus stronger food limitation, and consequently slower weight growth of anchovy. Slower weight growth also caused a longer retention of individuals at pre-recruitment stages, followed by a higher mortality rate that reduced larval and post-larval populations and, as a result, the total anchovy biomass. The positive feedback mechanism with the additional contribution of the increase in N c apparently had a stronger influence and became increasingly more pronounced as the predation pressure decreased (Fig. 7a-c) .
Transition from moderate to high stock regime (TR2)
Characteristics of the transition TR2 at the end of the 1970s in response to eutrophication of the Black Sea were explored by the simulations Moderate Stock Regime (MSR) 1, MSR2, and MSR3 (Table 8 ). Stock and catch versus an N c variations (Fig. 9a,b) indicated an efficient supply of resources to anchovy for an N c between 2.0 and 3.0 mmol m , was almost half of the κ Z3 = 0 case (Fig. 9a) , but annual mean gelatinous biomass was elevated to around 0.5 gC m -2 (Fig. 9c) . Further increase in the gelatinous transport rate to κ Z3 = 0.0010 d -1 exerted even stronger pressure through food competion and predation on anchovy. The anchovy stock reduced to ~6 t km -2 (900 kt; Fig. 9a) (Table 10 ; case no. 3). Density-dependent mechanisms similar to those depicted in Fig. 8 ) during the mid-1980s (see Table  10 ; case no. 4a,b). The poor food consumption capacity of the gelatinous group compared to anchovy, and the preferential pathway of the food web from large phytoplankton to mesozooplankton and to anchovy retained gelatinous biomass around 1.0 gC m -2 up to the TR3 transition phase (Fig. 9c) .
Transition from high to low stock regime (TR3)
Overfishing scenario Setting the subsurface nitrate concentration to N c = 3.0 mmol m -3 as deduced from the previous analysis, simulations HSR5 to HSR8 (Table 8) Table 8 of increasing fishing pressure during the second half of the 1980s by varying the fishing pressure (m f ) within the range 0.3 to 1.5 fyr -1 for 3 different choices of κ Z3 . The egg density and stock changes (Fig. 10a,b) were particularly pronounced for low to moderate values for the gelatinous carnivore transport rate (κ Z3 = 0.0005 to 0.0015 d -1 ) due to weaker population loss exerted on anchovy eggs and larvae. At m f around 0.5 to 0.7 fyr -1 , a maximum sustainable catch of ~500 kt (Fig. 10c) was maintained with a stock exploitation (catch to exploitable stock ratio) of up to 60% (Table 10 , case no. 4a,b). The fishing pressure value of 0.7 fyr -1 set a critical threshold to avoid recruitment failure and to sustain a high catch. When the fishing pressure exceeded 0.7 fyr -1 , recruits were exploited at an increasing rate, egg production decreased considerably, harvesting became no longer sustainable, and the catch started to decline together with the stock. In the simulations for κ Z3 = 0.0005 and 0.0010 d ), stock and catch exceeded the empirical data by ~150 to 200 kt for lower values of κ Z3 (simulations HSR5 and HSR6). More importantly, the annual-mean gelatinous biomass of ~0.7 gC m -2 was 4 times lower than its reported values (Fig. 2) . For the choice of κ Z3 = 0.0025 d -1 (simulation HSR7), even though a higher rate of gelatinous predation on anchovy eggs and larvae reduced the stock to ~400 kt and catch to ~200 kt in agreement with the observed data (Table 10 ; case no. 5a), the gelatinous biomass increased only up to 1.2 gC m , together with m f = 0.8 fyr -1 and κ Z3 = 0.0015 d -1 (simulation HSR8), is also a likely scenario that can explain observed stock and catch values (Table 10 ; case no. 5b), but gelatinous biomass remained at ~1.0 gC m -2 . As depicted in Fig. 10d , almost identical gelatinous biomass variations for both low and high choices of fishing mortality rate (m f = 0.3 and 0.8 fyr -1 ) for any choice of κ Z3 suggest that the number of eggs and larvae produced by female adult anchovies is always higher than the amount consumed by the gelatinous group, irrespective of fishing pressure. In fact, reduced anchovy egg and larval populations due to increasing fishing pressure from 0.3 to 0.8 fyr -1 decreased gelatinous biomass only by 0.2 gC m -2 . All of these simulations suggested that overfishing together with changes in the piscivore predation rate and/or gelatinous predation rate could give rise to the observed anchovy collapse, but could not cause the simultaneous observed rise in gelatinous biomass.
Nutrient enrichment scenario
Concurrent changes in N c and m f beyond their respective thresholds of 4.0 mmol m -3 and 0.7 fyr -1 are an alternative likely cause of the anchovy-Mnemiopsis shift. The case of a sufficiently enriched and overfished system that was examined by the parameter settings of HSR4 (Table 8 ) results in the anchovy and gelatinous biomass and anchovy catch variations shown in Fig. 9a-c , and the phytoplankton and total microand mesozooplankton biomass variations shown in Fig. 11 with respect to the changes in source layer nitrate concentration, N c . The x-axes in these plots may also be interpreted to represent nitrate flux from the subsurface source layer (NF c ) defined by a constant N c and a varying entrainment rate. For example, for N c = According to the simulation HSR4, increasing N c beyond its threshold resulted in a linear increase of the euphotic zone annual-mean phytoplankton biomass (Fig. 11) . The zooplankton biomass instead maintained a steady level (Fig. 11) , reflecting heavy consumption by the gelatinous group due to the linear dependence of its growth on zooplankton biomass (Eq. A7), giving the gelatinous group a competitive advantage in the consumption of resources compared to anchovy at high resource productivity. Gelatinous biomass therefore grew linearly with increasing food availability (Fig. 9c) , built up stronger predation pressure on anchovy eggs and larvae, and severely limited biomass growth of anchovy recruits and adults and their competitive ability to feed on zooplankton. The reduced anchovy biomass (Fig. 9a) then limited the spawning size of adult female anchovy (Eq. 2).
During the TR3 transition, the observed anchovy stock of 350 kt (~2.5 t km ) (Fig.  9) . This implies that a 50% increase in the entrainment rate can indeed provide the required nutrient flux into the surface layer to maintain a sufficient resource carrying capacity that can promote the anchovy-Mnemiopsis shift. The parameter values of this simulation are listed in Table 10 (case no. 5c). The corresponding annual-mean euphotic zone-integrated phytoplankton biomass of ~4.5 gC m -2 and prey organisms (the sum of micro-and meso-) zooplankton biomass of ~1.2 gC m -2 (Fig. 11) agreed roughly with the data given by Shushkina et al. (1998) and were also consistent with earlier modeling studies (e.g. Lebedeva & Shushkina 1994 , Oguz et al. 2001 .
The same transition under low fishing pressure (0.3 fyr ; Fig. 9a ). This level of enrichment needs a 2-fold higher entrainment rate, which may be too high for the late 1980s Black Sea environmental conditions. Nevertheless, it was instructive to show that the enrichment mechanism alone may produce the anchovygelatinous shift irrespective of fishing pressure at higher productivity levels. It further suggests that a 50% increase in the entrainment rate (as in our collapse scenario) under the low fishing pressure conditions may simulate the observed gelatinous biomass of 3 gC m -2 , but reveals a 2-fold higher anchovy stock (~5.0 t km -2 or 750 kt). Overfishing and nutrient enrichment therefore almost equally contributed to the TR3 transition. The enrichment mainly caused gelatinous biomass to rise from 1.3 to 3.0 gC m -2 , whereas increasing fishing pressure reduced the anchovy stock from 5.0 to 2.5 t km -2 . Starting from settings of the HSR in 1978 (Table 10 , case no. 3), TR3 was also reproduced by a time-dependent simulation (TDS1 in Table 8 ) that incorporated a temporally varying nutrient flux (Fig. 12a) and fishing mortality rate (Fig. 12b) . The smoothed winter-mean sea surface temperature (Fig. 12a) With this idealized representation of the control mechanisms, anchovy and gelatinous groups maintained a stock size of 9.5 t km -2 (Fig. 12b ) and ~1.0 gC m -2 (Fig. 12c) , respectively, under a relatively low fishing pressure of ~0.3 ± 0.09 fyr Table 8 anchovy-Mnemiopsis shift in 1989 as described above. We note that the nitrate flux necessary to trigger the shift in the time-dependent simulation was approximately 0.04 mmol m -3 d -1 less than its value found in our previous equilibrium analysis.
DISCUSSION AND CONCLUSIONS
We employed a coupled LTL-anchovy model to understand the causes of 3 specific sharp changes in anchovy stocks and the interactions between anchovy and gelatinous carnivores during the critical period of radical ecosystem transformation from the late 1960s to the late 1980s in the Black Sea. The explicit representation of anchovy population and weight growth dynamics permitted a more accurate estimation of stock changes and gelatinous predation exclusively on anchovy eggs and larvae. Despite its simplicity, the anchovy model was able to simulate major features of life history characteristics within the limitations of the present study. The main focus of the present study was to explore how piscivorous and gelatinous predation pressures, fishing mortality, nutrient enrichment of the biologically productive layer due to simultaneous effects of eutrophication and climate-induced intensified vertical mixing, and related density-dependent processes controlled long-term behavior of the food web with a special emphasis on anchovy and gelatinous biomass variations.
Interpretation of results in terms of the intraguild predation (IGP) theory
The simulations with various combinations of 4 control parameters surmised that the transition from the low to the moderate quasi-stable stock regime (TR1) was primarily controlled by the changes in m l and N c , that from the moderate to the high stock regime (TR2) by κ Z3 and N c , and the backward transition (TR3) to the low stock regime by m f and N c . Each of these transition events was affected to a different extent by the nutrient enrichment process in addition to one of the other factors. The present section interprets the long-term development of anchovy (consumer) biomass relating to its resource and predator biomass, with of nutrient enrichment of the system used as a proxy for the resource carrying capacity. Fig. 13 displays anchovy, gelatinous, total herbivore, and omnivore zooplankton biomass variations versus subsurface nitrate concentration (N c ) and nitrate flux (NF c ) as the system changed from low to higher production regimes over 2 decades. It provides a simplified view of the Black Sea anchovy-gelatinous interactions using 2 model solutions for the low and high fishing pressure conditions. On the x-axis, nitrate flux serves as a better measure of nutrient enrichment of the euphotic zone, particularly for the TR3 transition period because it was characterized by a constant N c and varying entrainment rate. On the other hand, the N c axis is easier for interpreting the TR1 and TR2 transitions since they were governed by the changing nutrient content that was supplied from the chemocline into the euphotic layer at a constant entrainment rate. Fig. 13 can be compared to similar figures used in other IGP models (Fig. 14a,b ) that investigated the changes of 2 different intraguild system properties along a productivity gradient.
Consistent with the IGP models (e.g. Diehl & Feibel 2000 , Mylius et al. 2001 , Fig. 13 revealed 4 distinct regimes of the zooplankton-anchovy-gelatinous system. A low N c range below 1.0 mmol m -3 corresponded to the resource-only regime with very low productivity (denoted by R). Available nutrients in the euphotic zone sustained only a low zooplankton biomass (the sum of micro-and mesozooplankton) that was not able to support growth of the consumer and predator species. The 248 Fig. 12 . Time series of (a) winter-mean (December to March) sea surface temperature (SST, dashed line) and its smoothed version (m), and prescribed nitrate flux, NF, (j) at the base of the euphotic layer; (b) prescribed fishing mortality rate (fyr -1 ; defined as in Fig. 10 ) (+), and observed (j) and (d) simulated anchovy stock (t km -2 ), (c) observed Aurelia aurita biomass (gray bars) and Mnemiopsis leidyi biomass during spring (black bars) and August -September (dotted bars), and simulated total annual mean gelatinous biomass (j) for the simulation TDS1 in Table 8 range 1.0 < N c ≤ 2.0 mmol m -3 represented the low productivity, zooplankton-anchovy regime of the early 1970s (denoted by RC). The gelatinous group was excluded from the system due to the competitive advantage of anchovy of consuming resources more effectively, set in the model by c 1 > r Z3 (Tables 4 & 6) . As suggested by Holt & Polis (1997) , this is a necessary condition for the existence of omnivory at sufficiently high carrying capacity of an IGP system.
In the RC regime, 20% enrichment of the subsurface nitrate source layer together with weakening of the piscivore predation pressure to half of its pre-transition value promoted a 2-fold change in anchovy stock from the low regime (~300 kt) to the moderate regime (~700 kt) at the end of the 1960s (see Fig. 13 , number 1). Each of these mechanisms contributed almost equally to the anchovy stock rise. The change would not have occured without the predation pressure change across its threshold range (Fig. 7) . Once the predation pressure change initiated the transition, the enrichment effect made it stronger and easier, at a lower range of predation pressure changes, by compensating for slowed weight growth of early life stages with population increase and by favoring higher egg production. Increasing the nutrient enrichment level up to about 2.2 mmol m -3 with no change in predation pressure, or reducing predation pressure by an additional 50% with no enrichment, could also provide a similar stock increase (Figs. 7b & 9b) . However, these alternatives imposed more stringent conditions compared to smaller but simultaneous changes in enrichment and piscivorous predation pressure.
Subsurface nitrate concentrations ranging between 2.0 and 4.0 mmol m -3 corresponded to the growing effect of intense eutrophication in the 1970s and 1980s (Fig. 2) and represented the lower range of the coexistence regime of anchovy and gelatinous species (denoted by RCP L ) in Fig. 13 . In this regime, a further increase in food resources together with prevailing conditions of low predator and low-to-moderate fishing pressures supported a favorable weight growth at the individual level and density-dependent biomass growth at the population level, and resulted in a 2-fold change in anchovy stock during the late 1970s (see Fig. 13a , number 2). As the enrichment was building up, jellies started to coexist with anchovy at low biomass levels (<1.0 gC m -2 ), but they did not exert a strong control on anchovy because of their competitive disadvantage of consuming prey at low carrying ca- The black and gray symbols show, respectively, the simulation MSR2 (low fishing scenario) for low-to-moderate enrichment regime and the simulation HSR4 (high fishing scenario) for moderate-to-high enrichment regime listed in Table 8 . Broken line with arrow represents the change of anchovy biomass from low to high fishing scenario simulations during enrichment of the system. R: resource (the sum of micro-and mesozooplankton), C: consumer (anchovy), P: predator (gelatinous zooplankton) biomass. The numbers in circles refer to the changes in anchovy stock due to (1) increase in m l , (2) increase in N c , and (3) leveling off due to increasing gelatinous predation, (4) decrease in anchovy stock due to gelatinous predation and competitive exclusion, (5) additional decrease due to overfishing, (6) the anchovy-Mnemiopsis shift due to higher enrichment at high fishing pressures, and (7) alternative anchovyMnemiopsis shift at low to moderate fishing pressures ) and high anchovy stock (>1000 kt) that persisted during the first part of the 1980s (see Fig. 13, number 3) .
The range 0.16 < NF c ≤ 0.24 mmol m -3 d -1 represented the moderate enrichment level of the coexistence regime (denoted by RCP M ) and applied to the second part of the 1980s (see Fig. 13, number 4) . Sustained higher nutrient flux into the euphotic layer during this period promoted more intense primary and secondary production (Fig. 11) , which then gave rise to more efficient nutrient recycling in spring and summer months. The enhancement in food resources altered the food web dynamics in favor of gelatinous carnivores because of their ability to consume the shared resources more effectively than anchovy eggs and larvae at higher carrying capacity of the system. Their linear dependence of growth on resources resulted in biomass increases at a rate of 0.9 gC m -2 per 0.04 mmol m -3 d -1 nitrate flux. The gradually weakening rate of increase of the total annual-mean micro-and mesozooplankton biomass in the RC regime up to 0 in the RCP M regime and afterwards indicate their high resource consumption. Eventually, the gelatinous group became the main consumer of zooplankton and reduced the availability of zooplankton for anchovy. In addition to competitive disadvantages and predation by the gelatinous group, adult anchovy were harvested at increasing proportions (see Fig. 13 , number 5). As a result, anchovy stocks declined to ~300 kt (see Fig. 13 , number 6). Approximately 50% of the anchovy stock depletion was caused by competition with and predation by Mnemiopsis, and the remainder by increasing fishing pressure beyond its threshold of 0.7 fyr -1 . The fishery served to speed up the collapse, rather than driving the shift between anchovy and Mnemiopsis. Under the same enrichment level, a Mnemiopsis biomass of ~3.0 gC m -2 could coexist with moderate levels of anchovy stock (~500 to 700 kt) if the fishery was maintained around 0.3 to 0.5 fyr -1 (see Fig. 13 , number 7). The higher range (0. , in which anchovy became extinct and gelatinous biomass invaded the system at high quantities. The latter 2 regimes were provided here for completeness and were not significant in terms of observed conditions in the Black Sea. The anchovyMnemiopsis transition event corresponded to moderate enrichment of the system shown by number 6 in Fig. 13 . Fig. 13 is similar to the equilibrium density structure of the tri-trophic level intraguild system analyzed by Diehl & Feibel (2000, hereafter referred to as DF; Fig. 14a) . A common feature in both models were smooth transitions between the consumer-only and the predator-only states (or, more generally, the high consumer-low predator state and vice versa). These states were separated by a broad, transitional moderate enrichment domain in which both the consumer and the predator existed at different proportions. This structure signified a single equilibrium state of the system, i.e. the system attained only 1 possible state for any value of the carrying capacity. The forward and backward transitions between the alternate states occur along the same trajectory under the same environmental conditions or along a different trajectory if the conditions change.
In contrast, the tri-trophic level model given by Mylius et al. (2001;  hereafter referred to as MKRP model) described a different structure. The consumer (predator) population density decreased (increased) only slightly over a broader range of the carrying capacity in the high consumer-low predator state and became extinct abruptly at the threshold of low consumer-high predator state (Fig. 14b) . When the system was initially in the low consumer-high predator state, a similar discontinuous transition to the other state occured at a different (lower) threshold of the carrying capacity. The system thus possessed 2 alternative states for a certain range of the carrying capacity and multiple equilibria. For such systems, transitions are constrained by more severe threshold conditions, and they can occur only at particular threshold values of the carrying capacity, in contrast to a broader transition zone for a system in single equilibrium state. Thus, the sytems in single and multiple equilibria possess 2 contrasting biomass/population density structures at moderate carrying capacities (see Fig. 14) . According to our model results, an anchovy stock of 300 kt was not too low, and ~3 gC m -2 gelatinous biomass was not too high to consider the anchovy-Mnemiopsis transition a true regime shift of the system to the low anchovy-high gelatinous alternate stable state. It instead appears to be a sporadic event within the transitional coexistence domain. According to observations by Shiganova & Bulgakova (2000) , the anchovy-Mnemiopsis system remained in the transitional domain at different biomass combinations during the first half of the 1990s and then moved gradually back to the former (high anchovy-low gelatinous) stable state once strong cooling-and wind-induced mixing became no longer effective, subsurface nitrate concentration started to decline due to a decrease of eutrophication, and fishing pressure was at moderate levels during the second half of the 1990s (Oguz & Gilbert 2007) . The system even-tually stabilized in this state following the settlement of Beroe ovata, a predator of Mnemiopsis, into the Black Sea at the end of the 1990s.
We note that the anchovy biomass changes shown in Fig. 13 may also be interpreted in terms of the conceptual model of wasp-waist control of small pelagics (Bakun 2006; Fig. 4) . The RCP L domain of enrichment corresponds to Bakun's so-called 'breakout region' of high anchovy biomass at low mortalities. The RCP H and RP domains represent the 'predator pit' of low anchovy biomass at high mortalities. The RCP M corresponds to the transitional domain between the 'breakout region' and the 'predator pit.' Van de Wolfshaar et al. (2006) introduced size-structured populations of consumer and predator species, as well as their size-dependent foraging and fooddependent growth capacities. They noted that a more detailed representation of population and weight growth dynamics of consumer and predator species decreased the likelihood of their coexistence and allowed the predator to invade the coexistence regime and to exclude the consumer at lower carrying capacities. However, it is not clear how the model results of van de Wolfshaar et al. (2006) apply to the Black Sea, because the model is based on interactions between fish species with very different life cycle characteristics. Instead, it may be more appropriate to extend our model by explicitly incorporating selective consumption of different zooplankton species groups on the gelatinous and anchovy weight growth. However, these modifications are a major undertaking and require a rich empirical data set. Nevertheless, the main dynamics presented in this study should not change.
Comparison of model results to observations
The first transition of anchovy stock (TR1) at the end of the 1960s was caused by both direct and densitydependent effects of weakening piscivore predation pressure and slight enrichment of the basin during the early eutrophication phase. Density-dependent mechanisms made the anchovy stock response to predation losses was highly nonlinear decreasing predation pressure values. Even a 2-fold higher anchovy stock change could be possible for a slightly higher predation pressure loss. Accumulation of nutrients in the chemocline during the next decade due to the increasing effects of eutrophication caused the subsequent stock rise (TR2) at the end of the 1970s. The high stock regime (>1000 kt) and maximum sustainable catch of 500 kt were maintained during the first part of the 1980s at a fishing pressure range of 0.6 to 0.7 fyr -1 (= 1.30 to 1.52 yr The second half of the 1980s saw very interesting ecological changes. Concurrently with the eutrophication-induced nutrient accumulation in the chemocline, the Black Sea experienced 2 subsequent key phenomena during the mid-1980s. One was the acclimation of Mnemiopsis to local conditions and its spreading throughout the basin following its introduction during the early 1980s. The second was the change in regional climate to a severe winter mode in 1985.
In the model, the effect of climate change was limited to the strengthening of vertical mixing in the water column, providing higher nutrient flux into the euphotic layer and subsequently leading to a higher resource carrying capacity. The change in basin-averaged Mayto-November phytoplankton biomass roughly from 15 to 20 g m -2 and annual-mean zooplankton biomass from 7 to 15 g m -2 during the second half of the 1980s may likely reflect the effect of this mechanism (see Fig. 3a ,b in Oguz & Gilbert 2007) . The high plankton productivity partly compensated for the excessive anchovy harvesting and the density-dependent negative effects of colder water temperatures on anchovy weight growth. More importantly, the major part of the enhanced resource production was used to support the growth of the gelatinous population. At high food concentrations, the growth and reproductive advantage of Mnemiopsis with respect to Aurelia and their food consumption advantage relative to anchovy gave them an opportunity to grow disproportionately without reaching saturation. Their increasing predation pressure on anchovy eggs and larvae reduced anchovy recruitment biomass and weakened the competitive ability of anchovy against Mnemiopsis. These mechanisms, together with high anchovy harvesting, inevitably caused recruitment failure, and the stock collapsed to about 300 kt within 2 yr. Observational evidence of recruitment failure 1 yr before the collapse was provided by Gücü (2002) .
Some investigators (e.g. Vinogradov et al. 1996 , Lisovenko et al. 1997 , Gordina et al. 1998 , Shiganova & Bulgakova 2000 , Kideys 2002 , Schulman & Yuneva 2002 qualitatively related the anchovy collapse to (1) excessive consumption of eggs and larvae by Mnemiopsis, (2) diversion of food resourses to Mnemiopsis, (3) selective feeding of Mnemiopsis on small copepods and shift of anchovy larval diet to low-calorie food (Cladocera, Cirripedia, Ostracoda, and Bivalvia) and thus less efficient anchovy weight growth. According to the simulations, among the factors listed above, the first hypothesis does not seem to be very critical for the anchovy collapse. About 0.5 t km -2 annual loss of anchovy biomass due to consumption of anchovy eggs and larvae by Mnemiopsis in our model corresponded to 20% of the loss due to harvesting. In terms of stock, the role of predation may not be as crucial, but the loss of eggs and larvae was critical in terms of recruitment failure. On the other hand, our model did not incorporate selective feeding by Mnemiopsis and anchovy on zooplankton species. We therefore cannot assess the contribution of the third hypothesis. Under the present model setting, as described above, our results showed that the second hypothesis (i.e. diversion of enhanced food resources to Mnemiopsis) accounted for 50% of the anchovy loss and the other half came from overfishing. Nonlinear coupling of these 2 independent processes amplified the collapse, although neither would be able to individually impose such a severe stock change. Observational support for the increased variability of exploited fish stocks due to the nonlinearly amplifying effects of fishing pressure and environmental noise (which in our case is the eutrophication and climateinduced increase in gelatinous predation pressure) has been documented for the southern sector of the California ecosystem (Anderson et al. 2008) .
The trend of Mnemiopsis population growth following its settlement into the Black Sea is not precisely known due to the lack of observations during the critical period of the mid-1980s. In our model, its sudden outburst in 1988-1989 was solely related to climateinduced resource enhancement during the cold climate regime of 1985 to 1987. According to our results, gelatinous species (either Aurelia or Mnemiopsis) would not be able to rise above 1.0 to 1.5 gC m -2 under the prevailing conditions of eutrophication without the climate-induced enhancement of resource productivity. Anchovy would then be able to maintain a moderate stock regime (between 500 and 700 kt) even in the case of intense fishery (0.8 fyr -1 or 1.75 yr -1 ). Our results therefore do not support the view that eutrophication was the main mechanism that drove the Mnemiopsis population outburst in the Black Sea. Rather, it pre-conditioned the system to high resource availability under intensified mixing.
Physiological adaptations to relatively cold winter and spring surface waters (Purcell 2005 ) and behavioral adaptations to local feeding conditions may also be responsible for the delay in active reproduction and growth, and ultimately the population outburst of Mnemiopsis, to the following relatively warm phase in 1989 to 1991. Observations along the northeastern Black Sea , Vinogradov et al. 2005 ) showed a 5-fold decrease in Mnemiopsis biomass during the cold summers of 1992, 1993, and 2003 compared to other years. Shiganova et al. (2001) reported low spring and late-summer production due to low adult overwintering survival rates under severe winter conditions. A more precise formulation of temperature-dependent reproduction and growth characteristics of Mnemiopsis, together with interannual changes of the euphotic layer temperature structure, may allow the present model to examine their growth strategy.
Our study did not explicitly incorporate interannual changes in water temperature and turbulence characteristics on anchovy population and weight growth dynamics. For example, an almost 2.0°C decrease in the winter SST, which coincided with the general declining trend of the anchovy stock during the 1980s, may have physiologically slowed down the anchovy weight growth and indirectly reduced the year-class strength (e.g. Ottersen et al. 2001 , Attrill & Power 2002 , MacKenzie & Koster 2004 . When low winter temperatures of the mixed layer extended into summer months, maximum egg production may have been delayed, resulting in a shorter spawning period, less prey availability, and thus smaller fish weight and length (e.g. Watanabe &Yatsu 2004) . This was indeed the case in June 1991 during a survey of eggs and larvae, when the water temperature observed in the upper 5 m was 1.5 to 2.0°C less than the long-term average . Similarly, a cooling of approximately 1.5°C in winter temperature during the first half of the 1970s may have counter-balanced the effect of increasing eutrophication-induced productivity and thus may have contributed to the quasi-stability of the moderate stock regime. Conversely, a rise of approximately 1.0 to 1.2°C in winter SST during 1964 SST during to 1970 SST during and 1976 SST during to 1981 (Fig. 1) , may have supported the anchovy stock transitions TR1 and TR2.
The role of turbulence on fish stock changes is a more complex issue. It may have an overall positive or negative effect on fish feeding, depending on its intensity and predator-prey behaviors (Megrey & Hinckley 2001) . Its beneficial effect was suggested to be the enhancement of encounter rates by means of a turbulence-avoidance strategy in juveniles and adult fishes (Franks 2001 ); a similar mechanism was also emphasized for the Black Sea small pelagics and gelatinous species by Shushkina et al. (1998) . The detrimental effect of turbulence was related to reductions in pursuit success and capture ability of encountered prey and the production of new prey, and dispersion of patches of existing prey (Wroblewski 1984 , MacKenzie & Kiorboe 2000 particularly under highly turbulent conditions. On the basis of these studies, the role of turbulence may be particularly critical to the survival and growth of juvenile and adult anchovy and gelatinous species during highly turbulent winter conditions with limited prey availability. The same may also apply, to a certain extent, to larval stages of anchovy in summer months, because the relatively cold water of the subthermocline layer and strong temperature stratification may prevent them from moving from the surface mixed layer into the turbulence-free zone of the water column. Studying density-dependent impacts of these climate-induced changes on long-term anchovy stock changes and of anchovy-gelatinous interactions is not a straightforward task. It requires extension of the model by incorporating detailed mixed layer and entrainment dynamics, parameterization of turbulence, and temperature effects on encounter, ingestion, and growth rates of anchovy populations. where the constant parameter a I signifies the slope of the P-I curve (Table 4) , and <I k > is the mean photosynthetically available solar radiation in the layers. Assuming I(z) decays exponentially with depth compared to its surface value I s according to the extinction parameter k e = k w + k c × ΣP i (Table 4) , <I k > for the mixed and sub-thermocline layers is expressed by (A4)
The temperature limitation function for the phytoplankton growth is given by (A5) where we set T max = 25°C, and Q 10P = 1.5, T Pref = 15°C (Table 4) . The grazing of phytoplankton by mesozooplankton (Z 1 ) and microzooplankton (Z 2 ) for each layer (k = 1, 2) is expressed in a Holling Type III functional form by (A6a) (A6b) where r Z and K Z , respectively, denote the maximum grazing rate and half saturation constant of phytoplankton biomass at which zooplankton grazing attains half of its maxium value (Table 2) , and s i is the food preference coefficient (Table 3) Because weight growth of gelatinous species does not become saturated at high food concentrations (Lebedeva & Shushkina 1994) , their consumption of micro-and mesozooplankton in each layer is expressed by a linear function (Lancelot et al. 2002) 
where s i is the food preference coefficient of gelatinous carnivores on meso-and microzooplankton (Table 3) , and r* Z3 = r Z3 /K Z3 (m 3 mmol -1 d -1
) defines the clearance rate. Meso-and microzooplankton exchange between the mixed and sub-thermocline layers at a constant rate ν Z (Tables 1 &  2 ) times the biomass difference in the layers:
where the subscripts k and j = 1 and 2 denote the mixed and sub-thermocline layer, respectively. No exchange is allowed between the sub-thermocline and the biologically inactive subsurface source layer. A similar expression also applies to 3 phytoplankton groups. The nitrate flux between the layers (k = 1 and 2) is described by (A9) where ν N and w e denote the diffusion and entrainment rates, respectively (Table 4 ). The first term within square brackets is the nitrate flux supplied from the source layer into the sub-thermocline layer (for k = 2) and the mixed layer (for k = 1) when the mixed layer approaches the base of the euphotic zone (i.e. h 1 = 45 m). Otherwise, the nitrate flux is only supplied into the sub-thermocline layer. The second term within square brackets represents the nitrate transport between the mixed and sub-thermocline layers. During the shallowing phase of the mixed layer (i.e. w e = 0), nitrate flux due to the entrainment process does not take place in the system. 
